INTRODUCTION
============

MicroRNAs (miRNAs) are small (20-22 nucleotides) non-coding single-strand RNAs involved in the post-transcriptional and translational regulation of gene expression. MiRNA is transcribed by RNA polymerase II in the nucleus into primary miRNA (pri-miRNA) containing a 7-methylguanosine cap and a 3' poly(A) tail end. In the nucleus, pri-miRNA is further processed by the endonuclease Drosha, together with its double-stranded RNA (dsRNA)-binding protein partner DGCR8 (in mammals) to produce precursor miRNA (pre-miRNA) [@B001], [@B002]. The pre-miRNA is then transported into the cytoplasm by the transporting protein exportin-5. In the cytoplasm, the pre-miRNA is further processed by another endonuclease Dicer together with its dsRNA-binding partner TRBP (transactivation-response RNA-binding protein; in mammals) into mature double-stranded miRNA. The double-stranded miRNA (miRNA-miRNA\* complex) is loaded into an Argonaute (AGO) protein. Finally, the mature single strand miRNA (also called the guide strand) incorporated into the RNA-induced silencing complex (RISC), whereas the other passenger strand (denoted with an asterisk at the end of the name) is degraded. This miRNA/RISC complex is responsible for miRNA function. MiRNAs negatively regulate target genes by binding to complementary sequences in the 3'-untranslated region (3'-UTR) of the target mRNA. Approximately, 700 miRNAs have been identified in humans, and more than 30% of protein-coding genes are regulated by miRNA [@B003].

Colorectal cancer (CRC) is the third most common cancer and the fourth most common cause of cancer-related death worldwide [@B004]. Although earlier diagnosis and improved treatment regimens have increased survival rates in patients with CRC, approximately 50% of patients who are diagnosed with CRC will experience local or systemic recurrence due to metastatic disease [@B005]. Distant metastasis is a major cause of death in CRC patients, and the liver is the most common metastatic site for patients with CRC. Thus, aggressive surgical resection of hepatic metastases improves 5-year overall survival rates, which range from 25% to 40% [@B006]. Nonetheless, about onethird of CRC patients with liver metastases still experience tumor recurrence.

In recent years, multiple studies have been demonstrated the key role of miRNAs in various physiological and pathological processes in CRC. Several miRNAs are directly involved in the regulation of the primary pathways of CRC development. Inactivation of adenomatous polyposis coli (APC) has been found in more than 60% of CRC patients, which is associated with upregulation of miR-135a/b in colonic epithelial cells [@B007]. Loss of tumor protein 53 (p53) gene is observed during progression of adenoma to adenocarcinoma, and it mediates the function of p53 in apoptosis and cell cycle arrest via a direct downstream target, miR-34a [@B008]. Additionally, upregulation of c-myc enhances adenoma to adenocarcinoma transition, which is regulated by the miR-17-92 cluster (miR-17, miR-18a, miR-19a/b, miR-20a, and miR-92a) [@B009]. Augmentation and inactivation of the phosphatidylinositol 3-kinase (PI3K) pathway have been linked with miR-21 and miR-126, respectively [@B010], [@B011]. KRAS knockdown and EGFR-MAPK pathway activation are associated with let-7, miR-18a\*, and miR-143 [@B012]-[@B014]. Moreover, much accumulating evidence suggests that miRNAs are not only involved in colorectal tumorigenesis, but also multiple miRNAs actively modulate CRC metastasis. Thus, in this article, we will review the emerging role of miRNAs in the metastatic process of CRC as well as the potential application of miRNAs as biomarkers for the diagnosis and therapeutics of CRC patients with metastasis.

MiRNAs IN A MULTI-STEP PROCESS OF CRC METASTASIS
================================================

Cancer metastasis is a multi-step process that involves (i) local invasion of cancer cells, (ii) migration of cancer cells into blood vessels, (iii) survival in the circulatory system, (iv) extravasation, and (v) colonization of distant organs [@B015]. Notably, each of these events involves a number of dysregulation of miRNAs. Here, we will describe in detail the functional role of miRNAs in each metastasis step ([Table 1](#T001){ref-type="table"}).

###### MicroRNAs involved in CRC metastasis

  ---------------- ------------------------------------------- ------------------- --------------------------- ----------- ----------- ------------------- ------------------
  Local invasion   Intravasation, Circulation, Extravasation   Colonization        Angiogenesis                                                            
                                                                                                                                                           
  microRNAs        Reference                                   microRNAs           Reference                   microRNAs   Reference   microRNAs           Reference
                                                                                                                                                           
  miR-21           [@B017], [@B025], [@B026]                   miR-17-92 cluster   [@B034]                     miR-34a     [@B035]     miR-17-92 cluster   [@B046]
  miR-31           [@B027]                                     miR-21              [@B017], [@B025], [@B032]   miR-146a    [@B036]     miR-107             [@B042], [@B043]
  miR-103          [@B028]                                     miR-126             [@B033]                     miR-449b    [@B038]     miR-145             [@B042], [@B043]
  miR-107          [@B028]                                     miR-155             [@B034]                     miR-451     [@B037]     miR-194             [@B045]
  miR-122          [@B031]                                                                                                             miR-497             [@B044]
  ---------------- ------------------------------------------- ------------------- --------------------------- ----------- ----------- ------------------- ------------------

Local invasion of cancer cells into adjacent tissues is the first step in the metastasis cascade. During this process, activation of several proteolytic enzymes, including extracellular matrix (ECM)-degrading proteases, is required [@B016]. Various miRNAs that control the expression of these enzymes have been indentified. Overexpression of miR-21 is commonly observed in human CRC, which is correlated with CRC metastasis development. In CRC cell lines, high miR-21 expression positively regulates invasion and migration ability. Mir-21 directly targets several tumor suppressor genes including programmed cell death 4 (PDCD4) [@B017], [@B018], sprouty homolog 2 (SPRY2) [@B019], tropomyosin 1 (TPM1) [@B020], chemokine (C-C motif) ligand 20 (CCL2) [@B021], cell division cycle 25A (CDC25A) [@B022], maspin, phosphatase, and tensin homolog (PTEN) [@B023], and metallopeptidase inhibitor 3 (TIMP3) [@B024]. Higher miR-21 expression enhances CRC cell migration and invasion, whereas suppression of the miRNA attenuates these effects [@B017], [@B025], [@B026]. Additionally, upregulation of miR-31 is known to positively regulate invasion and migration properties of CRC cells *in vitro* as well as *in vivo*. The T lymphoma invasion and metastasis 1 (TIAM1) gene has been suggested to be a target of both miR-21 and miR-31 [@B027]. In CRC cells, hypoxia induced both miR-103 and miR-107 expression that directly target death-associated protein kinase (DAPK) and krüppel-like factor 4 (KLF4) genes resulted in enhancing cell to matrix adhesion and cell motility [@B028]. Moreover, miR-29a also targets the KLF4 gene, and it was upregulated in CRC tissues [@B029], [@B030]. Increased expression of miR-122 was reported from non-neoplastic tissue to dysplasia, but downregulated from dysplasia to CRC, indicating that miR-122 expression is possibly involved in spreading CRC cells to adjacent tissues [@B031].

Once cancer cells successfully pass through the basement membrane and the extracellular matrix surrounding the tumor, they reach the blood vessels (or lymphatics). Subsequently, cancer cells invade and move through the blood vessels, which is termed intravasation. The process of intravasation is less well investigated. Only one miRNA, miR-21 seems to be involved in this process. As described above, miR-21 suppresses the PDCD4 tumor suppressor gene [@B017]. Elevated miR-21 expression was associated with higher potential of CRC metastasis as well as lymph node metastasis in CRC patients [@B025], [@B032].

During blood circulation, cancer cells are exposed to the mechanical stresses of blood flow and the immune system. Some cancer cells exit the blood circulation and invade the blood vessel again at a distant location, which is known as extravasation (the reverse of the intravasation process). Then, the cancer cells finally develop a secondary tumor at the distant organ. Although the function of miRNAs in survival of cancer cells in blood circulation and the extravasation process has not been investigated, few miRNAs are considered to be key factors in the process. Expression of miR-126 has been reported in human umbilical vein endothelial cells (HUVECs) [@B033]. MiR-126 directly targets the vascular cell adhesion molecule 1 (VCAM-1) gene that mediates the adhesion of lymphocytes to vascular endothelium, which may be helpful to circulating cancer cells [@B033]. Other miRNAs are miR-155 and the miR-17-92 cluster [@B034]. Those miRNAs play a key role in the differentiation of B cells as well as the regulation of T cell lineage induction pathways, which may support immune evasion of cancer cells in blood circulation.

The final step of cancer metastasis is colonization of the extravasated cancer cells at secondary sites. Eventually, cancer cells have to survive and form tumors at the new location, known as micrometastases. During this process, cancer cells need to activate various cell signaling pathways to enter the cell cycle and to achieve high cell proliferation. In this regard, the presence of cancer stem cell populations has been issued in cancer metastasis. Cancer stem cells are characterized by their ability to differentiate and self-renew. Recently, an increasing number of studies has reported the existence of CRC stem cells, and miRNAs are known to regulate the 'stemness' of cancer cells. MiR-34a acts as a cell-fate determinant to choose between self-renewal and differentiation in early-stage CRC stem cells [@B035]. More recently, it has been demonstrated that miR-146a modulates the symmetrical division of CRC stem cells and attenuates tumorigenicity [@B036]. Additionally, miR-451 was downregulated in CRC stem cells, and it was associated with self-renewal ability, tumorigenicity, and chemoresistance to irinotecan [@B037]. Moreover, miR-449b suppressed the proliferation of SW1116 CRC stem cells via downregulation of CCND1 and E2F3 expression [@B038]. Thus, diverse miRNAs may be deeply involved in metastasized cancer cell survival in distant organs.

MiRNAs IN THE REGULATION OF ANGIOGENIC FACTORS
==============================================

Once cancer cells reach distant organs, they induce the growth of new blood vessels to obtain a new blood supply. A blood supply is needed to obtain the oxygen and nutrients necessary for tumor growth. Angiogenesis is the formation of new blood vessels, which is activated by both pro-angiogenic factors, including vascular endothelial growth factor (VEGF), basic fibroblast growth factor (bFGF), angiogenin, transforming growth factor (TGF)-α, TGF-β, tumor necrosis factor (TNF)-α, and insulin-like growth factor 1 receptor (IGF1-R), and it can be inhibited by anti-angiogenic factors, such as angiostatin, endostatin, interferon, platelet factor 4, and thorombospondin-1 (TSP-1) [@B039]-[@B041].

Several studies have indicated that miRNAs modulate the angiogenesis process by targeting diverse crucial angiogenic factors. Hypoxia induces neovascularization in tumor cells, which stimulates expression of pro-angiogenic molecules, such as VEGF. Hypoxia inducible factor-1 (HIF-1) plays a key role in this process, and miR-107 and miR-145 were found to negatively regulate HIF-1 in CRC [@B042], [@B043]. Another pro-angiogenic factor is IGF1-R, which is targeted by miR-497 [@B044]. Down-regulation of IGF1-R has been reported in CRC cells versus normal colonic mucosa, which increased cell apoptosis and suppressed cell proliferation and invasion ability [@B044]. On the other hand, thorombospondin (THBS1), which encodes TSP-1, acts as an anti-angiogenic factor through regulation of microvascular density and vessel size. Up-regulation of miR-194 by p53 negatively regulates THBS1 [@B045]. Additionally, the miR-17-92 cluster is frequently amplified in multiple cancers, including CRC, which enhances angiogenesis via directly targeting TSP-1 [@B046].

MiRNAs AS REGULATORS OF THE EPITHELIAL-MESENCHYMAL TRANSITION (EMT) PROCESS IN CRC
==================================================================================

The epithelial-mesenchymal transition (EMT) is a process of converting immotile epithelial cancer cells to motile mesenchymal cancer cells. EMT is characterized by loss of epithelial features including cell adhesion, down-regulation of epithelial markers (E-cadherin, plakoglobin), and acquisition of mesenchymal markers (vimentin, N-cadherin, fibronectin), and increased cell motility and invasiveness [@B047]. Several cell signaling pathways, including Wnt, Notch, TGF-β, hepatocyte growth factor (HGF), and platelet derived growth factor (PDGF), are involved in EMT initiation [@B048], [@B049]. Various transcription factors, such as TWIST, SNAI1, SNAI2 (also known as SLUG), ZEB1, and ZEB2, have been reported to be inducers of the EMT process.

Recently, miRNAs have emerged as new EMT regulators. One of the best known EMT-related miRNAs is the miR-200 family (miR-200a, miR-200b, miR-200c, miR-141, and miR-429) [@B050]-[@B052]. Expression of these miRNA members is known to lead to an epithelial cellular phenotype in CRC cells. Park *et al*. demonstrated that suppression of the miR-200 family induced EMT in the HCT116 CRC cell line, by directly targeting ZEB1 [@B052]. More recently, we systematically investigated the role of the miR-200 family in the development of CRC metastasis [@B053]. Hypomethylation of miR-200c promoter region allowed up-regulation of miR-200c expression in liver metastasis tissues, compared with matched corresponding primary CRC tissues. High miR-200c expression suppressed direct target genes (ZEB1, ETS1, and FLT1), which, in turn, regulated E-cadherin and vimentin expression to trigger a MET ('reverse EMT') process in metastasized CRC cells. Interestingly, the ZEB1/2 transcription factors bind to the miR-200 promoter region and regulate their expression, which results in a ZEB/miR-200 double-negative feedback loop [@B050], [@B051], [@B054]. Beyond the miR-200 family, Rokavec *et al*. identified an IL-6R/STAT3/miR-34a feedback loop, and it was required to progress the EMT process in CRC cell lines [@B055].

CLINICAL APPLICATION OF MiRNAs AS BIOMARKERS
============================================

Currently, measuring plasma carcinoembryonic antigen (CEA) levels and/or the fecal occult blood test (FOBT) are widely used as non-invasive diagnostic tools for CRC patients [@B056]-[@B058]. However, these methods are not sufficient, due to a lack of sensitivity as well as specificity for screening an average CRC risk population. High CEA levels could be detectable in response to inflammation, such as inflammatory bowel disease (IBD) and CEA may not be elevated in advanced-stage CRC patients. Additionally, FOBT revealed relatively poor sensitivity at detecting early stage CRC [@B059]. Indeed, randomized clinical trials indicated that FOBT is not reliable and that it only reduces CRC mortality by 30% [@B060].

In this context, miRNAs are emerging as ideal disease biomarkers for diagnosis as well as therapeutics in CRC patients. MiRNAs are highly stable in various bodily fluids, including serum, plasma, urine, tears, breast milk, and saliva. Moreover, the expression of miRNAs is specific to tissues or tumor stages, and the level of miRNAs can be readily assessed by various simple methods, including real-time reverse transcription polymerase chain reaction (qRT-PCR). Several recent studies have investigated blood circulating miRNAs and have demonstrated their clinical relevance for the diagnosis of CRC patients. Huang *et al*. identified that high plasma miR-29a and miR-92a expression are useful non-invasive biomarkers to distinguish CRC from healthy controls [@B030]. Additionally, eight elevated plasma miRNAs in patients with colonic polyps were reported by Kanaan *et al*. [@B061]. Among them, three plasma miRNAs (miR-15b, miR-139-3p, and miR-431) could discriminate Stage IV CRC patients from normal controls. Likewise, Wang *et al*. identified a panel of plasma miRNAs (miR-409-3p, miR-7, and miR-93) that displayed high diagnostic accuracy in discriminating CRC from a healthy group [@B062]. More recently, Toiyama *et al*. determined a potential role of serum miR-21 expression as a biomarker for the early detection and prognosis of CRC [@B063].

Unlike circulating miRNAs for diagnosis and prognosis of CRC, non-invasive miRNAs biomarkers for CRC recurrence and metastasis have not been well investigated. In order to understand the molecular mechanisms of metastasized cancer cells and to discover specific miRNAs originating from the metastasized tumor region, the primary cancer region should be compared directly with the metastasized cancer region from the same individual. However, due to the difficulty of gathering such clinical samples, most of CRC metastasis studies have been conducted based on primary CRC tissues. Previously, we have demonstrated that miR-200c is overexpressed in liver metastasis, compared with matching primary CRC tissue specimens [@B053]. In a further validation study for miR-200c expression in serum samples from CRC patients, serum miR-200c expression was an independent predictor of lymph node metastasis and tumor recurrence [@B064]. More recently, we performed comprehensive discovery for expression patterns of metastasis-specific miRNAs by directly comparing primary CRC and matched liver metastases. Finally, we demonstrated that miR-885-5p is significantly up-regulated in liver metastases compared with primary CRC tissues, and high serum miR-885-5p levels predicted CRC prognosis as well as metastasis [@B065].

Because miRNAs have been shown to play critical functional roles in CRC carcinogenesis and metastasis, they have been considered as therapeutic targets as well. There are two general strategies for miRNA-based therapeutics: blocking oncogenic miRNAs and restoration of tumor-suppressor miRNAs. For the inhibition of miRNAs, several approaches to directly block specific miRNAs have been developed, including anti-miRNA oligonucleotides (AMOs), miRNA sponges, miRNA masks (target protectors), and small molecule inhibitors of miRNAs. In CRC cell lines, blocking of oncogenic miRNAs (miR-20a, miR-21, miR-31, miR-95, and miR-675) by anti-miRNAs suppressed cell proliferation, transformation, migration, and metastasis, whereas it enhanced chemosensitivity [@B017], [@B066]. In contrast, down-regulated miRNAs can be restored by introducing synthetic oligonucleotides, such as miRNA precursors and miRNA mimics. Elevation of miR-34a using mimic transfection in the DLD-1 CRC cell line showed inhibition of cell growth, invasion, and migration abilities, but enhanced sensitivity to 5-fluorouracil [@B067]. Likewise, restoration of miR-143 using a miR-143 precursor reduced SW480 CRC cell line proliferation as well as suppressed DLD-1 CRC cell line xenograft tumor growth [@B068], [@B069]. Nonetheless, miRNA-based therapies have to address critical issues for tissue-specific delivery to avoid off-target side effects.

CONCLUSIONS
===========

As we reviewed above, miRNAs have emerged as critical regulators of cancer metastasis. Accumulating evidence suggests important roles for specific miRNAs in the multi-step process of CRC metastasis. Remarkably, expression levels of miRNAs are associated with clinical relevance in CRC progression and metastasis, indicating they have potential as biomarkers for diagnosis, prognosis prediction, and therapeutic targets. Therefore, future efforts are required to develop clinically applicable miRNA-based tools for predicting prognosis and distant metastasis in CRC patients.
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